The thermotropic transition of plasma membrane of Dactylis glomerata was studied by using fluorescence polarization of embedded fluorophore, 1,6-diphenyl-1,3,5-hexatriene. Under the presence of 35% ethylene glycol, reversible thermotropic transitions were observed in isolated plasma membrane vesicles in nearly the same temperature range as the temperature of freezing injury to cells. In liposomes prepared from isolated plasma membranes, however, the thermotropic transitions occurred at much lower temperatures in comparison with those of intact membrane vesicles. Following treatment with pronase, the thermotropic transition also shifted downward.
Plant cells of intermediate hardiness sustain injury when they are frozen below a certain critical temperature. Recent studies indicate that the primary site of freezing injury in plant cells is located on cellular membranes, especially on plasma membranes (13, 19) . According to NMR2 studies of freezing plant tissues, Rajashekar et al. (15) showed that plasma membranes lost their semipermeability to Mn2" ion immediately after cooling through a critical temperature, suggesting a membrane structural transition. Using ESR technique, Singh and Miller (17) demonstrated that isolated plant cells may undergo an irreversible reorganization of lipid bilayers to a less ordered amorphous state after freezing at a lethal temperature. However, as pointed out by Briggs et aL (6) , when intact or isolated protoplasts are used for ESR studies, problems remain as to whether or not the fatty acid spin labels were selective for the plasma membranes. They showed that most of the labels were partitioned throughout the cells and, thus, the ESR signals reported an average from every membrane in the cells.
When intact cells are frozen, the plasma membranes would experience more complex sorts of stresses and, therefore, it might be difficult to distinguish the specific factors responsible for ' membrane damage. These factors may involve a physical effect of the subfreezing temperature per se (14) , a freeze-induced condensation of solutes both at the cell interior and exterior (7) , freeze dehydration of membrane molecules (7) , molecular packing of membrane constituents induced by cell shrinkage (14) , and/or a combination of these.
From this point of view, isolated sealed vesicles of plasma membranes would be one of the useful materials to investigate the molecular mechanism of freezing injury of plant cells. In the present study, experiments were designed to gain more detailed information on the role of membrane proteins with respect to the thermal properties of plasma membrane under subzero temperatures. (9) . The temperature dependence ofthe anisotropy parameter was determined over the range between 10 and -20°C and the logarithm of the parameter was plotted against reciprocals of absolute temperature to detect a thermotropic transition by the inflection of the slopes. In this measuring system, 35% (v/v) by an area of homogeneous ethylene glycol was added to prevent freezing of the system. When experiments were carried out with liposomes prepared from pure phospholipid samples such as dimyristoyl and dilauroyl phosphatidyl choline, addition of 35% ethylene glycol into the measuring system revealed no effect on their phase transition temperatures (M. Uemura and S. Yoshida, unpublished data). In some cases, plasma membrane vesicles were labeled with FAM which is a fluorescent SH reagent (8) . FAM was excited at 362 nm and emission was detected through a cutoff filter for wavelength below 400 nm. To the plasma membrane suspension (equivalent to 100 Mg protein), 10 gM of the FAM was added and preincubated at 20°C for 30 min. The fluorescence intensity reached a maximum value within 30 min incubation. After incubation, the labeled membrane suspension was washed and pelleted. The labeled membrane pellet was resuspended in 0.5 M sorbitol-5 mM K-phosphate, pH 7.3 and the fluorescence polarization was measured under the same condition as used for DPH. The fluorescence anisotropy, r, was plotted against the reciprocal of absolute temperature to detect a thermotropic change of the membrane proteins. To determine the temperatures for thermotropic transition, measurements were repeated at least three times and the results were always reproducible. Figure 1 shows Arrhenius plots of fluorescence anisotropy parameters of embedded DPH in different membranes isolated from crown tissues of orchard grass seedlings sampled in early September, which were hardy to -4°C. There is a marked difference in the fluidity, i.e. reciprocals ofthe fluorescence anisotropy parameters, between plasma membrane and endomembranes, such as mitochondria and ER-Golgi enriched membranes. Plasma membrane is relatively rigid in comparison with internal membranes. In plasma membrane, an inflection point was clearly detected on the Arrhenius plots around -3°C, whereas inflections were observed at rather lower temperature below -1 8C with the internal membranes. Thus, the temperatures for the thermotropic transition of lipid bilayers are specific for these membranes. slopes around -8 and -16°C for the membrane samples isolated from tissues sampled in early October and early December, respectively. These inflection temperatures appear to coincide with those for the frost killing temperatures ofthe crown tissues, i.e. -7.5 and -15C, respectively. A difference was also revealed in the relative fluidity ofdifferent membrane samples. In winter, the plasma membranes became slightly fluid.
MATERIALS AND METHODS

RESULTS
Fluorescence polarization measurements were also performed with the liposomes prepared from the total lipids extracted from plasma membranes. As shown in Figure 3 , no inflection, however, was detected on the Arrhenius plots down to -16C or below. Thus, there was observed a marked difference in the thermotropic properties between intact membranes and the extracted lipids. But the difference in fluidity was still observed over the entire temperature range.
By treatment of the plasma membrane vesicles (October sample) with pronase, about 50% of the membrane protein was digested (data not presented). The inflection temperature on the Arrhenius plots of the fluorescence anisotropy parameter was markedly shifted downward by the pronase treatment of plasma membrane (Fig. 4) . Thus, it seems likely that the thermal transition observed in plasma membrane vesicles is influenced by the membrane proteins.
To gain some information on membrane proteins as affected by cooling, the intact membrane vesicles were labeled with FAM, which is known as a fluorophore that binds specifically to the SH groups of proteins (8) . The fluorescence anisotropy, r, of the bound fluorophore increased abruptly at -9 and -18C, respectively, for the autumnal and winter plasma membranes (Fig. 5) . The abrupt increase in fluorescence anisotropy at the indicated temperatures may imply that the molecular motion of the membrane proteins becomes restricted and/or the conformation of the membrane proteins is abruptly altered.
The apparent thermotropic transition of plasma membranes detected by fluorescence polarization of embedded DPH was significantly affected by in vitro freezing. When plasma membrane vesicles isolated from October samples (hardy to -7.5C) were frozen to -1I C for 2 h without addition of sorbitol, the inflection was irreversibly shifted toward a higher temperature and the anisotropy parameter values increased significantly (Fig.  6 ). On the other hand, addition of0.5 M sorbitol to the membrane suspension during freezing protected against an irreversible alteration in the thermotropic property of the membrane.
DISCUSSION
Steady state fluorescence polarization of embedded fluorophore, DPH has been widely adapted for detecting a thermotropic transition of lipid bilayers of biological membranes and the liposomes extracted from them (4, 5, 1 1), and also to evaluate the relative motional freedom of lipid molecules (12, 16 steady state fluorescence polarization study represents the degree of static orientation constraint of the label or the averaged freedom of motion of lipid molecules and provides, thereby, a comparative index for the 'fluidity' of the membranes or the liposomes.
Based on a fluorescence polarization study using DPH as the probe, the author has reported that the plasma membraneenriched fraction isolated from intermediately hardy mulberry bark tissues revealed a thermal transition at the subzero temperature at which the cells sustained freezing injury (20) . In the experiment, the fluorescence polarization of DPH (8) . In rat hepatocyte plasma membranes and rat enterocyte basolateral and microvillas membranes (4, 5) , it has been reported that the thermotropic transition appeared at nearly the same temperature both with intact membranes and liposomes prepared from the extracted lipids. Therefore, in these mammalian cell membranes, the thermotropic transition seems to be highly dependent on the thermal properties of the bulk lipids.
However (18) ; (b) cell injury can be caused by hypertonic treatments in the absence of both ice-formation and low temperatures (19) .
Future studies are needed to reconcile the conflict.
